The involvement of the protein a-synuclein (SNCA) in the pathogenesis of Parkinson's disease is strongly supported by the facts that (i) missense and copy number mutations in the SNCA gene can cause inherited Parkinson's disease; and (ii) Lewy bodies in sporadic Parkinson's disease are largely composed of aggregated SNCA. Unaffected heterozygous carriers of Gaucher disease mutations have an increased risk for Parkinson's disease. As mutations in the GBA gene encoding glucocerebrosidase (GBA) are known to interfere with lysosomal protein degradation, GBA heterozygotes may demonstrate reduced lysosomal SNCA degradation, leading to increased steady-state SNCA levels and promoting its aggregation. We have created mouse models to investigate the interaction between GBA mutations and synucleinopathies. We investigated the rate of SNCA degradation in cultured primary cortical neurons from mice expressing wild-type mouse SNCA, wild-type human SNCA, or mutant A53T SNCA, in a background of either wild-type Gba or heterozygosity for the L444P GBA mutation associated with Gaucher disease. We also tested the effect of this Gaucher mutation on motor and enteric nervous system function in these transgenic animals. We found that human SNCA is stable, with a half-life of 61 h, and that the A53T mutation did not significantly affect its half-life. Heterozygosity for a naturally occurring Gaucher mutation, L444P, reduced GBA activity by 40%, reduced SNCA degradation and triggered accumulation of the protein in culture. This mutation also resulted in the exacerbation of motor and gastrointestinal deficits found in the A53T mouse model of Parkinson's disease. This study demonstrates that heterozygosity for a Gaucher disease-associated mutation in Gba interferes with SNCA degradation and contributes to its accumulation, and exacerbates the phenotype in a mouse model of Parkinson's disease.
Introduction non-motor disturbances including gastrointestinal dysfunction, hyposmia, depression, and cognitive decline (Korczyn and Gurevich, 2010; Ferrer et al., 2011) . Currently available treatments are based on enhancing dopaminergic signalling or on surgical interventions such as deep brain stimulation. These treatments provide substantial relief, but do not prevent progressive loss of neurons.
The discovery of the -synuclein gene (SNCA), and its association with autosomal dominant Parkinson's disease (Polymeropoulos et al., 1997) , has provided researchers with an important insight into the pathogenesis of Parkinson's disease. The product of the SNCA gene is a 15 kDa protein expressed primarily in the nervous system and haematopoietic lineages and, although restricted to vertebrates, is highly conserved across these species. Although its physiological roles are not yet fully understood, evidence linking it with Parkinson's disease has been continuously mounting since its original discovery. Five missense mutations in the SNCA gene cause autosomal dominant Parkinson's disease (Corti et al., 2011; Lesage et al., 2013; Proukakis et al., 2013) . In addition, duplication or triplication of the normal gene also causes a heritable form of the disease (Singleton, 2003) . There is also a role for -synuclein (SNCA) in the pathogenesis of the far more common sporadic Parkinson's disease. First, intracellular neuronal inclusions, Lewy bodies and Lewy neurites, that are characteristic of the disease, are composed chiefly of aggregated SNCA (Mezey et al., 1998) and are found in the brains of all patients with the sporadic forms of Parkinson's disease. Second, multiple genome-wide case-control association studies (GWAS) have replicated a significant association between common variants at the SNCA locus and sporadic Parkinson's disease (Simon-Sanchez et al., 2009) .
The most striking genetic contributor to sporadic Parkinson's disease susceptibility, however, was not found by GWAS but instead was found in studies of patients and families with Gaucher disease. Gaucher disease is an autosomal recessive disease caused by mutations in the gene encoding the lysosomal enzyme glucocerebrosidase (GBA). The loss of enzyme function and subsequent accumulation of its glycolipid substrate glucosylceramide, compromises the lysosome, leading to Gaucher disease (Grabowski, 2008) .
The first reports of a possible connection between Gaucher disease and Parkinson's disease came from case studies of patients with Gaucher disease with early Parkinson's disease onset (Neudorfer et al., 1996; Tayebi et al., 2001 ). These were followed by an association study done in an Ashkenazi Jewish population, indicating that even heterozygosity for Gaucher disease mutations may predispose their carriers to Parkinson's disease (Aharon-Peretz et al., 2004) . Finally, a large international case-control study of patients with sporadic Parkinson's disease, confirmed a 5 to 6-fold increase in the frequency of GBA mutations in patients with Parkinson's disease, compared to the control cases (Sidransky et al., 2009) .
The relationship between Gaucher disease, particularly heterozygotes with Gaucher disease, and Parkinson's disease, recently reviewed by Siebert et al. (2014) , is not yet fully understood. It may arise from either the gain of a new toxic function by the mutated GBA protein, or by a decrease in its enzymatic efficiency, or by both. The second and third possibilities are supported by the fact that the lysosomal-autophagy pathway is considered to be the main pathway through which SNCA is degraded (Vogiatzi et al., 2008; Machiya et al., 2010) . Although Gaucher disease is a recessive disorder and heterozygous carriers of the disease are asymptomatic, lysosomal function might not be optimal in Gaucher disease heterozygotes. A compromised neuronal lysosome as seen in Gaucher disease carriers could contribute to SNCA accumulation and an increased frequency of Parkinson's disease, as suggested by Westbroek et al. (2011) . Mazzuli et al. (2011) showed that a reduction in GBA protein levels to 50% of control, results in reduced lysosomal efficiency, and in a 2-fold accumulation of endogenous mouse SNCA. A more drastic reduction of GBA activity, to 10% of control, caused a 4-fold increase in total SNCA (Mazzulli et al., 2011) . On the other hand, blocking GBA activity with the conduritol B epoxide (CBE) blocker have shown mixed results. For example, Cleeter et al. (2013) demonstrated in SHY-5Y cells a 59% SNCA increase, whereas Dermentzaki et al. (2013) did not find CBE treatment to affect SNCA levels in either SHY-5Y or primary cortical cultures. In any case, it is still unproven that heterozygosity for a naturally occurring human Gaucher disease allele would increase SNCA half-life and raise SNCA levels enough to trigger a Parkinson's disease phenotype in vivo.
In this study, we used cortical neuronal cultures derived from transgenic mice to determine the half-life of human SNCA and mutated human SNCA (hSNCA A53T ), as well as mouse SNCA.
Once the baseline half-life was determined, we quantified SNCA half-life in neurons expressing both human SNCA and a single copy of a known Gaucher disease mutation, p.L444P. For this, we crossed the transgenic mice expressing human SNCA to knock-in mice carrying the Gba + /L444P mutation, and used this newly-created mouse strain to generate the neuronal cultures needed for half-life measurements. Finally, we evaluated the effect of the Gba + /L444P mutation in vivo by comparing hSnca A53T/A53T ;Gba + /L444P mouse with hSNCA A53T/A53T mice for histopathological and behavioural signs related to Parkinson's disease. We show that neuronal cultures from mice heterozygous for a mutation in the mouse Gba gene analogous to a known human mutation, L444P, showed an increased SNCA half-life and hSnca A53T/A53T ;Gba + /L444P mice have both histopathological and behavioural evidence of SNCA accumulation and neuronal dysfunction beyond what is seen in hSnca A53T/A53T mice in a wild-type Gba background.
Materials and methods

Transgenic mice
Animal care was in accordance with the guidelines of UCSF Animal Care and Use Committee. B6;129S4-Gba tm1Rlp /Mmnc (000117-UNC) mice containing the Gaucher disease L444P mutation, introduced into the Gba gene by a knock-in procedure in which a part of the gene is duplicated, yet only the mutated copy is expressed (Liu et al., 1998) . Mice were purchased from the Mutant Mouse Regional Resource Centres (MMRRC). Note these mice are wild-type for the glucosylceramide synthase (Ugcg) gene, and have an intact adjacent downstream metaxin gene (details in the online Supplementary material). Two independent lines, PACTg(SNCA A53T );Snca À/ À or PAC-Tg(SNCA WT );Snca À/ À lines expressing A53T mutant human SNCA or wild-type human SNCA and both lacking endogenous mSNCA, were previously generated in the lab (Kuo et al., 2010) and bred with heterozygous Gba tm1Rlp/ + . A breeding scheme and a summary table describing the genotypes and nomenclature of the mice are found in Supplementary Fig. 1 and details in the Supplementary material.
Neuronal cultures
Cultures were prepared as previously described (Fishbein and Segal, 2007) , with modifications (Supplementary material). Antibodies used for immunohistochemistry were rabbit and mouse anti-MAP2 (SIgma) and anti-GFAP (DAKO).
Quantitative RT-PCR
RNA was purified from neuronal cultures using the PureLink Õ RNA mini kit (Ambion), according to manufacturer's directions. cDNA was prepared and RT-PCR preformed as previously described (Kuo et al., 2010) 
(Supplementary material).
Pulse chase experiment
Metabolic labelling of SNCA Ten days after plating, when neuronal cultures express SNCA robustly (Rideout et al., 2003; Clough et al., 2011) , cultures were incubated in the presence of methionine-free and serum-free Dulbecco's modified Eagle's medium (Cellgro 17-204-Cl) for 1 h and then incubated for 1.5 h in methionine-free Dulbecco's modified Eagle's medium supplemented with 0.1 mCi/ml S 35 methionine (Perkin Elmer). Metabolic labelling medium was then removed and replaced with modified Eagle's medium supplemented with 10% horse serum. Cells were cultured for various time intervals (0-1, 24, 48, 96, 144 h) , after which cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 0.1% SDS, 1.0% Nonidet P-40, 0.5% sodium deoxycholate and Protease Inhibitors (Roche)) and SNCA was immunoprecipitated from cell lysates with a rabbit SNCA antibody (Santa Cruz), whose specificity was confirmed (Supplementary material) using a mixture of magnetic Dynabead Protein A and G in equal amounts (Invitrogen), according to the manufacturer's instructions. Eluted protein was then subjected to an SDS-PAGE, (12% gel, Bio-Rad) to resolve the immunoprecipitated SNCA. The gel was silver stained to confirm successful precipitation, dried and exposed in a phosphorimager (Fujifilm FLA-5100).
SNCA half-life analysis
Radioactivity counts over immunoprecipitated SNCA were entered into GraphPad Prism 6 software. A one-phase exponential decay trend line was fitted to the data, and the half-life for the specific experiment was determined. SNCA half-life was calculated separately for each experiment. Because exposure to methionine-free medium for labelling caused disturbances in cell viability, we used 24 h after labelling as the initial time point.
Western blotting
Neuronal cultures were homogenized in RIPA buffer, and brain samples were prepared as previously described (Kuo et al., 2010) . The following antibodies were used: mouse anti-SNCA (BD Transduction Laboratories), mouse anti-phospho S129 SNCA (Wako), rabbit anti-GBA (Sigma), mouse anti-tubulin (Calbiochem), anti-neuronal specific enolase (NSE, Abcam), mouse anti-NeuN (Millipore) and goat anti-actin (Santa Cruz Biotech Inc). Horseradish peroxidase goat anti-mouse (GE Healthcare) or anti-rabbit (Cell Signaling) secondary antibodies and Clarity (BioRad) or Prime ECL kits were used. Analyses were prepared using ImageJ software.
GBA activity assay
GBA activity assay was based on Urban et al. (2008) . One brain hemisphere (3-week-old mouse), was lysed in 1 ml of GBA activity assay buffer (50 mM citric acid, 176 mM K 2 HPO 4 , 10 mM sodium taurocholate, 0.01% Tween-20 pH 5.9). Brain lysate (5 ml) was incubated with either 5 ml of 20 mM CBE GBA blocker (Sigma) to assess non-specific activity, or 5 ml of assay buffer, for 15 min at room temperature. Twenty-five microlitres of 5 mM 4-methylumbelliferyl b-glucopyranoside (4MU-b-Glc) substrates were then added simultaneously to samples, which were then incubated at 37 C for 25 min. Samples were cooled on ice, and reactions stopped with 40 ml stop buffer (1 M NaOH, 1 M glycine pH 10). Relative fluorescent units (RFU) were measured at 450 nm using the NanoDrop 3300 Fluorospectrometer. Non-specific activity was subtracted from each reading, and final results normalized to the total protein concentration. Protein amounts and incubation times were chosen after being confirmed to be in linear range.
Motor and enteric nervous system tests
Motor and enteric nervous system tests were performed as previously described (Kuo et al., 2010) (Supplementary material).
Statistical analysis
A non-parametric two-tailed Mann-Whitney U-test was used to determine statistical significance when the data were not normally distributed or could only be ranked. Student's t-test was used otherwise. All data were analysed by GraphPad Prism 6 statistical software (GraphPad Software).
Results
SNCA is expressed predominantly by neurons in a mixed neuronal-glial culture
To measure SNCA degradation kinetics in a neuronal cellular environment, we used primary neuronal cortical cultures derived from various lines of mice, expressing either wild-type mouse SNCA or human SNCA, as previously described (Kuo et al., 2010) . As these cortical cultures also contain glial cells ( Fig. 1A) (mainly astrocytes), we first confirmed that SNCA was produced predominantly by the neurons in the culture.
We compared the levels of mouse Snca RNA using quantitative PCR in wild-type mixed neuronal-glial cultures, and in pure glial cultures where neurons were eliminated by exposure to glutamate. We found that the amount of Snca mRNA expressed in pure glial cultures was negligible (Fig. 1B) . Additionally, western blots in both wild-type and the transgenic lines revealed mouse and human SNCA levels to be minimal in pure glial cultures, as opposed to glial/neuronal cultures, although some human SNCA is still being made in hSNCA WT and hSNCA A53T glial cultures (Fig. 1C ).
SNCA half-life measurement
We metabolically labelled 10-day-old cultures with radioactive methionine, and used pulse chase to measure the degradation of neuronal SNCA over 144 h. This culture age was chosen because Snca expression is high, yet neuronal cultures have not become so old that they cannot tolerate the frequent media changes required for pulse labelling. Some neuronal cell death was observed in the first few hours after labelling. After that, neuronal numbers remained stable throughout the rest of the experiment. As some of the decrease in incorporated radioactivity in the first 24 h could be attributed to neuronal death rather than protein degradation, measurements taken immediately after labelling were not used to calculate SNCA half-life. Instead, radioactivity incorporated at 24 h after labelling (when cultures had stabilized), were used as the first time point and all readings from later time points were normalized to it. Data were fit to a one-phase exponential decay and SNCA half-life determined ( Fig. 2A and B). We found that wild-type human SNCA turns over slowly in cortical neurons with a half-life (t 1/2 ) of 61.2 AE 6 h (n = 7, Fig. 2A-C) . To determine whether the A53T mutation contributes to the stability of the protein and protects it from degradation, we repeated the experiment in neuronal cultures derived from a second transgenic line expressing human SNCA with the A53T mutation and found t 1/2 = 66.4 AE 6 h (n = 5) (Kuo et al., 2010) . There was no significant difference in the rate of degradation between the wild-type and mutated forms of human SNCA (P 4 0.05, Fig. 2A and C), indicating that the A53T mutation by itself is not sufficient to influence the protein rate of degradation in neuronal cultures. Finally, we also measured the half-life of mouse SNCA and found its rate of degradation to be slower than either the wild-type or A53T human SNCA, with t 1/2 = 145 AE 12 h, a 2.3-fold difference (n = 4, P 5 0.01, Fig 
GBA expression and enzymatic activity in the brains of SNCA transgenic mice
Prompted by the suggestion for a reciprocal relation between the GBA enzyme and SNCA (Mazzulli et al., 2011; Yap et al., 2013) , we asked how different degrees of SNCA expression might affect GBA protein levels and enzyme activity. Using western blot analyses and enzyme assays, we measured the relative protein levels and activity of GBA in the brains of Snca knockout mice that expressed no endogenous SNCA (Snca À/À ) and two transgenic lines expressing human SNCA in a Snca
;Snca À/ À ). These transgenic lines showed a modest 1.3 to 2-fold increase in steady-state human SNCA protein compared to wild-type mouse SNCA (Kuo et al., 2010) . We could not detect a significant difference in whole brain GBA protein by western blot analyses between any of these four lines (Fig. 3A) . However, GBA enzyme activity in brain samples taken from the same mice showed a significant 35% increase in the GBA activity in SNCA-knockout mice as compared to control Snca WT mice (from 100 AE 5% to 135 AE 8% P 5 0.01, n = 10 for both; Fig. 3B ). However, the reciprocal effect was not seen, because the hSNCA WT and an hSNCA A53T mice, showed no decrease in GBA activity, despite the 1.3 to 2-fold increase in human SNCA expression over wild-type mouse SNCA.
Heterozygosity for the Gba L444P mutation decreases the rate of SNCA degradation
To test the hypothesis that a common Gaucher disease mutation in the heterozygous state is sufficient to influence the rate of SNCA degradation in neurons, we obtained a knock-in mouse (Snca À/À ), confirmed that SNCA protein levels in the glial culture are a small fraction of total SNCA in all glial/neuronal cultures. Control proteins were the neuronal marker NeuN and actin. WT = wild-type.
carrying the L444P Gaucher mutation in its Gba gene (Liu et al., 1998) . These mice were wild-type for the glucosylceramide synthase gene (Ugcg), enabling normal glucosylceramide synthesis. When homozygous for the mutation, GBA activity is reduced to 20% of control yet, presumed glucosylceramide accumulation is small and detectable only in the mouse epidermis (Liu et al., 1998; Mizukami et al., 2002) . After confirming decreased GBA enzymatic activity in the heterozygous mouse (Supplementary Fig. 2A ), we crossed the Gba L444P allele on to each of the human SNCA transgenic lines. These mice were healthy, fertile and had a normal life span (26 months). By visual inspection, they showed no gross motor dysfunction such as ataxia, tremor or paralysis. As expected, these double mutant mice also exhibited a decrease in GBA activity (Fig. 3B) , as well as lower GBA protein levels in brain tissue ( Supplementary Fig. 2B ). We then repeated pulse chase experiments in neurons derived from neurons expressing human SNCA in both Snca À/À and Gba + /L444P backgrounds. We found that L444P heterozygosity significantly affected the rate of human SNCA degradation, with the hSNCA WT half-life increasing by 77% from 61.2 AE 6 h to 108 AE 12 h (P 5 0.01, n = 5, Fig. 4A ), whereas hSNCA A53T halflife increased by 46% from 67 AE 6 h to 98 AE 11 h P 5 0.05, n = 3, Fig. 4B ). As might be expected from the prolongation of half-life in a Gba + /L444P background, cultures derived from the brains of mice heterozygous for the Gaucher L444P mutation, tended to show higher SNCA steady state levels, as revealed by western blot. SNCA protein levels increased 57 AE 7% in hSNCA A53T ;Gba + /L444P cultures versus hSNCA A53T Gba WT cultures (n = 3, P 5 0.05, Fig. 5A ) whereas SNCA levels in hSNCA WT ;Gba + /L444P cultures increased 58% AE 27% versus hSNCA WT ;Gba WT cultures (n = 3 and 5, respectively, P = 0.058,
Fig
. 5B), which just failed to reach significance at the P 5 0.05 level.
The GBA L444P mutation causes an exacerbation of a Parkinson's disease-related phenotype
We then tested whether this slower degradation of human SNCA would have an effect in vivo. As the hSNCA A53T transgenic mouse exhibit both enteric dysfunction by 3 months, and abnormal motor function starting at 6 months of age (Kuo et al., 2010) , we hypothesized that the slower degradation and increase in human SNCA accumulation would exacerbate these phenotypes in the hSNCA
A53T
;Gba + /L444P double-mutant mouse. To test this hypothesis we characterized enteric and motor dysfunction in the hSNCA
;Gba + /L444P double transgenic mice in comparison to hSNCA
;Gba WT mice.
Motor function
We examined motor function in the hSNCA
A53T
;Gba + /L444P mice against an age-matched cohort of hSNCA
;Gba WT mice using the accelerating Rotarod and Open Field at 7 and 14 months of age. Cohorts were matched for age and showed no significant difference in body weight that could affect motor performance ( Supplementary Fig. 3 ). In the accelerating Rotarod test (Fig. 6A) , both sets of mice at 7 months of age had similar latency times that increased consistently, as expected, over four trials per day carried out over three consecutive days as the animals were trained to stay on the rotating apparatus. We also confirmed that the latency for both lines was significantly shorter than age-matched Snca
WT
and Snca À /À control lines (data not shown). However, when tested at 14 months of age the hSNCA
A53T
;Gba + /L444P mice had consistently reduced latency times ( Fig. 6B , P-values ranging from P 5 0.05 at Day 2 to P 5 0.002 with consecutive testing on Day 3).
In the open field apparatus, total distance (Fig. 6E ), centre and periphery distances travelled were similar in both lines at each time point. However, both the total time spent in the rearing position and the number of rearings was reduced in the hSNCA
;Gba + /L444P mice at 14 months ( Fig. 6C and D) .
Rearing differences can indicate alterations in exploratory behaviour or hind limb weakness, but there was no generalized reduction in movement. Mice were also tested on both the Elevated Plus and Zero Maze at 20 months of age ( Supplementary Fig. 3B-F ;Gba + /L444P mice (P 5 0.01 and P = 0.045, respectively). hSNCA
;Gba WT mice also had significantly more open area entries (P 5 0.05 by Plus Maze) and spent more time in the centre of the Plus Maze (P 5 0.01), although the closed area entries and total distance travelled were similar in both sets of mice in both tests. The difference in the rearing changes seen by Open Field further implies possible altered exploratory behaviours. In summary, hSNCA
;Gba + /L444P mice, demonstrated a consistent reduced motor activity, with abnormal endurance and coordination on the Rotarod, as compared to hSNCA
;Gba WT mice. GBA activity in the brains of mice with different expression levels of SNCA. GBA activity is reduced by the + /L444P mutation to 68 AE 1 of control activity level (P 5 0.01, n = 3), while the absence of SNCA expression (in the Snca À/À ) increases GBA activity to 135% of control (P 5 0.01, n = 10). However, a 1.5 to 2-fold overexpression of human SNCA in the two transgenic mouse lines has no significant effect on GBA activity (P 4 0.05, n = 10 for Snca WT , n = 5 for SNCA WT and SNCA
).
Enteric nervous system function
We tested the motility of the distal colon in the hSNCA
A53T
;Gba + /L444P animals. In accordance with our previous observations, the expulsion time was normally longer in males than in females. This sex difference, however, was greatly increased in male Gaucher hSNCA
;Gba + /L444P mice, in which bead expulsion time was increased 42% compared to the hSNCA
;Gba WT mice. The increased expulsion time was not observed at 7 months of age but was present at 14 months of age (P 5 0.01, Fig. 6F ). We then examined whole-gut transit time, a global indicator of enteric nervous system function. At 15 months of age, male hSNCA ;Gba WT (P 5 0.05) by ttest (Fig. 6G) . Consistent with the bead expulsion times, the increase in transit times was not seen in female mice, and thus failed to reach significance by one-way ANOVA testing of both males and females.
We conclude that the reduced colonic motility, and comparably prolonged whole-gut transit time in the hSNCA A53T ;Gba
transgenic male mice indicate that the dysfunction in these mice has been exacerbated by the presence of one copy of the L444P Gba allele.
Histological characterization of SNCA CNS pathology
The exacerbation of these Parkinson's disease-related phenotypes in the hSNCA A53T ;Gba + /L444P double transgenic mouse, motivated us to search for histological evidence of synucleinopathies in these mouse brains. Although we could not detect stereotypical Lewy body pathology, immunohistochemistry of hSNCA , with or without the L444P mutation. Bottom: hSNCA A53T half-life increased by 46% from 67 AE 6 to 98 AE 11 (P 5 0.05 n = 3).
pSer129 SNCA staining, which appeared reminiscent of synaptic terminals, was seen primarily in the hippocampi (mainly at the CA1 region) but was absent in hSNCA
A53T
;Gba WT mice ( Fig. 7A and B, n = 2 for each genotype). By 19 months of age, however, some pSer129 SNCA accumulations also appeared in the hippocampi of hSNCA
;Gba WT mice, yet none were detected in wildtype mice ( Fig. 7C and D, n = 2 for wild-type mice, and n = 3 for each transgene). Similar results were also obtained by western blot analysis of 19 month hippocampal lysates with a different commercial antibody against pSer129 (Wako) (S3). This indicates that heterozygosity for the L444P mutation caused an earlier onset of a pathological process that would eventually also appear in the hSNCA
;Gba WT mice. Nevertheless, when both sets of histological data were combined, the hSNCA
;Gba + /L444P mice still exhibited a 70% increase in pSer129 SNCA staining (from 100 AE 28% to 170 AE 15%, P 5 0.05 one-tailed t-test).
Other SNCA antibodies, not selective for pSer129, did not show increased SNCA staining (data not shown) in the hippocampi. We therefore concluded that these local accumulations of pSer129 SNCA are quantitatively insignificant relative to total SNCA in the hippocampus, but are important markers of pathological aggregation.
No increase in absolute levels of SNCA in hSNCA A53T Gba + /L444P brain Given the effect of the L444P mutant allele on increasing SNCA levels in neuronal cultures and the histological findings of hippocampal phosphorylated SNCA, we examined total protein levels in whole brain homogenates. We were surprised that we could not detect any increase in the overall levels of SNCA in the hSNCA
;Gba + /L444P mice, at 15 months of age compared to hSNCA
;Gba WT brains (n = 4 for each group, P = 0.12, Fig. 8 ).
Even when we probed blots against phosphorylated human SNCA, as seen in the hippocampal sections from the hSNCA A53T ;Gba + / L444P brains, no absolute increase was detected in whole brain homogenates (whereas both hSNCA
;Gba
and hSNCA A53T exhibited higher amounts of phosphorylated human SNCA compared to wild-type controls, data not shown). We therefore concluded that although the Gba + /L444P genotype interferes with SNCA degradation in cultured cortical neurons, and has a demonstrable effect on the histology of the brain and on the behaviour of mice, the western blot approach is not sensitive enough to detect localized changes in different subregions of the brain.
Discussion
Human SNCA is a highly stable protein in cultured murine neurons with a half-life of 61 h. The half-life of mouse SNCA, is twice as long (145 h), measured under precisely the same conditions. In contrast to previous reports (Cuervo et al., 2004; Li et al., 2004) , we found no evidence that the SNCA A53T mutation increases the stability of SNCA. In addition, we confirmed that heterozygosity for a common Gaucher disease mutation is indeed sufficient to ;Gba WT counterparts (158% AE 27% in hSNCA WT ;Gba + /L444P cultures when compared to hSNCA WT ;Gba WT cultures (n = 3 and 5, respectively P = 0.058). WT = wild-type; NSE = neuron-specific enolase.
affect the rate of human SNCA degradation, and that this can have an effect on brain pathology and animal behaviour in vivo.
Previously published measurements of human SNCA half-life were made under a variety of experimental conditions including the use of primary versus transfected, dividing cells, different times in culture of primary neurons, the presence of glia in the culture or serum in the medium, the use of stable versus transient transfection, and the use of expression plasmids to overexpress native versus tagged forms of SNCA. Not surprisingly, these different conditions produced conflicting results, with SNCA half-life varying from 2-36 h (Bennett et al., 1999; Cuervo et al., 2004; Vogiatzi et al., 2008; Machiya et al., 2010; Alvarez-Castelao and Castano, 2011) . The most similar experiments to ours were performed by Li et al. (2004) , although their culture method differed from ours in that they used prenatal neurons in serum-free glia-free conditions. They measured SNCA in cortical neurons and reported that the half-life of endogenous mouse SNCA increased with time in culture with halflife rising from 54 to 160 h. One important difference between their study and ours is that they proposed a biphasic turnover, with a fast degradation phase occurring in the first 24 h after labelling. We made a similar observation, but attributed the initial drop in SNCA labelling to the observed cell death seen in the first few hours after labelling and thus excluded it from the final analysis. We hold that only the later phase of degradation, after cultures have stabilized, should be considered as physiologically relevant. In any event, the higher stability of the SNCA protein in primary neurons, compared to immortalized cells, might reflect a general characteristic of neurons. Neurons do not divide and are in cell cycle arrest. Such slower intracellular metabolism at 14 months of age, respectively). Total number of rearings (C), time in rearing position (D), and total distance covered (E) in open field at 14 months of age. Enteric nervous system dysfunction: colonic motility plotted for males at 7 and 14 months (F) as assessed by time (in seconds) required for a bead to be expelled from the rectum. The number of mice of each genotype tested at each age are: n = 16 and 24 for hSNCA
A53T
;Gba WT and hSNCA
;Gba + /L444P , respectively at 7 months of age, and n = 14 and 19 at 14 months of age. Whole-gut transit time (G) at 15 months as determined by time (in minutes) required for a non-absorbable dye, introduced by gavage, to appear in the stool. Mice were not tested at 7 months as there were no differences in colonic motility at that age. Males demonstrated a prolonged whole-gut transit time compared to hSNCA
;Gba WT (P 5 0.05) by t-test. The increase in transit times was not seen in female mice, and failed to reach significance by one-way ANOVA testing of both sexes.
might extend to other proteins, making neurons more vulnerable to misfolded proteins. When speculating on the origin of the differences in the half-life of mouse and human SNCA, we cannot dismiss the possibility that this difference is due to the latter being a foreign protein introduced into the transgenic mouse. Nevertheless, it is also possible that it reflects a real difference in the innate properties of mouse versus human SNCA. The amino acid sequence of the mouse and human SNCA proteins differs at only 7 of 140 residues. Yet, this small divergence is enough to produce significant structural differences (Wu et al., 2008) . Notably, in the mouse, position 53 is occupied by threonine rather than alanine as in the human A53T mutation. Thus, from an evolutionary perspective, one could reason that the murine relative short life span makes it more tolerant to mouse SNCA accumulation and aggregation, and thus a longer half-life for SNCA, could be tolerated in a mouse, but not in the human brain.
Whatever the reason for the mouse SNCA prolonged half-life , it cannot be attributed solely to the threonine at position 53, because the A53T mutation by itself was not enough to trigger a significant prolongation of human SNCA half-life . In our view this is an indication that this mutation does not act through prolonging the half-life of soluble SNCA protein but rather it may have its pathogenic effect through promoting the aggregation of the protein.
Determining the mechanism by which an individual heterozygous for a disease-causing GBA mutation would have increased susceptibility to Parkinson's disease without any clinical signs of Gaucher disease itself could provide important insights into the pathogenesis of sporadic Parkinson's disease. Using a viral hippocampus of 18 to 19-month-old mice (n = 2 for wild-type control mice, and n = 3 for each of the transgene genotypes). When the two sets of data were combined, the hSNCA
;Gba + /L444P mice exhibited a 70% increase in pSer129 SNCA staining (from 100 AE 28% to 170 AE 15%, P 5 0.05 one-tailed t-test). WT = wild-type.
delivered knock-down in cultured mouse cortical neurons, Mazzuli et al. (2011) demonstrated that a 50% reduction in the levels of the GBA enzyme can result in 80% increase in SNCA levels. On the other hand, Cleeter et al. (2013) working in neuroblastoma cells, demonstrated that a direct inhibition of GBA enzymatic activity triggered the accumulation of SNCA, but suppression of Gba expression did not result in protein accumulation that was statistically significant. In comparison, introduced mutations in the Gba gene more closely emulates the human disease scenario as the presence of a mutant protein decreases enzymatic activity as well as affecting other protein-protein interactions. This approach was taken by Sardi et al. (2011) , who studied a transgenic mouse homozygous for an artificial (not found in human patients) GBA mutation (D409V). Homozygosity for the mutation reduced GBA activity to $15% of controls (Sun et al., 2012) caused SNCA aggregation in the mouse hippocampus, and triggered hippocampus-related memory deficiencies. A heterozygous mouse on the other hand exhibited some SNCA aggregation but no behavioural phenotype, whereas a mouse heterozygous for a Gba deletion did not exhibit either sign . Similarly, the accumulation of SNCA was seen in the striatum of two distinct Gaucher models homozygous to either the L444P or the R463C mutations. This accumulation was accompanied by neuroinflammation and synaptic dysfunction. Additionally, blocking GBA in vivo with the CBE blocker achieved similar results (Ginns et al., 2014) . Nevertheless until today, it remained unclear whether heterozygosity for a known Gaucher mutation would be sufficient to have any influence on SNCA half-life. If not, GBA mutations might cause a toxic gain of function unrelated to lysosomal enzyme deficiency. In this study we showed that in a line of mice with a genotype heterozygous for p.L444P, a common Gba missense mutation that results in a 40% reduction in enzyme activity increased hSNCA WT half-life by 77%. This finding supports the hypothesis that even a partially compromised lysosome could underlie the Gaucher-Parkinson's disease association. Nevertheless, a role for a gain of toxic function by the mutant GBA protein cannot be excluded. For example, a plausible mechanism is that the expression of GBA L444P alters trafficking and localization of SNCA, leading to its longer half-life. Supporting this hypothesis is the observation made by Cullen et al. (2011) , who reported that overexpression of various GBA mutations (including the D409V and L444P) in SNCA producing cell lines, increases SNCA concentration without affecting GBA activity. On the other hand, it should be considered that artificial overexpression of mutant GBA can have a dominant-negative effect in the cell. Such an effect may not be detectable in standard activity assays done in cell lysates. Thus this question will remain open until a mouse model bearing a mutant Gba allele in addition to two nonmutated Gba alleles can be studied. Given that heterozygosity for a GBA mutation does not always result in Parkinson's disease but simply raises the relative risk $4-fold, and much shorter life span of mice versus humans, the difficulty in reproducing a Parkinson's disease-related phenotype in a heterozygous Gaucher mouse model is to be expected. We addressed this problem by crossing the Gba + /L444P mutant to the established SNCA A53T Parkinson's disease model that develops early-onset enteric nervous system dysfunction and later onset motor function abnormalities, similar to what is seen in sporadic Parkinson's disease in humans. We then looked for the exacerbation of the Parkinson's disease-related phenotypes rather than the development of new signs of Parkinson's disease. With this approach we were able to demonstrate that heterozygosity for this Gaucher mutation was indeed sufficient to augment motor deficits, and to exacerbate abnormal gastrointestinal motility. In addition, it triggered an increase of phosphorylated SNCA in the hippocampus CA1 region, and thus resembles the Gba D409V/ D409V mouse as well as human Gaucher carriers with Parkinson's disease (Wong et al., 2004) . Although the exacerbated motor and enteric phenotypes are unlikely to be directly linked to the increased immunostaining of the hippocampal CA1 region with the pSer129/81A antibody, we interpret it to indicate the start of human SNCA aggregation. The fact that positive staining was detected in both of the A53T lines with or without the Gba + /L444P mutation at 19 months of age, but not in wild-type mice ( Fig. 7 and Supplementary Fig. 4 ), demonstrates that the hSNCA A53T mutation increases the probability for human SNCA aggregation. The question remains as to the possible contribution of the Gba + /L444P mutation to this process, as seen at 15 months.
One possible cause could be the local accumulation of SNCA. We ;Gba + /L444P mice. Blots were probed against human SNCA and tubulin. Bottom: Quantification of human SNCA protein normalized to tubulin revealed no significant difference between the two genotypes (P = 0.18).
could not detect such accumulation in either hippocampal or whole brain lysates by western blot, but these may still occur locally in small compartments, but were not detected by crude western analyses. Another possibility is that different lipid compositions or direct interactions between these two proteins promote SNCA aggregation independently of lysosome dysfunction. Indeed, erythrocytes (which lack lysosomes) from patients with Gaucher disease exhibit abnormal lipid composition accompanied with high levels of polymeric SNCA (Argyriou et al., 2012) . Yet a third possibility, is that due to poor trafficking of L444P GBA to the lysosome, an unfolded protein response is elicited leading to phosphorylated SNCA accumulation. However other Gaucher mutations, which allow GBAs to properly traffic into the lysosome, do not elicit an unfolded protein response, and still appear to be associated with an increased risk of Parkinson's disease. Additionally, CBE-treated neurons did not show an increase in unfolded protein response markers (Farfel-Becker et al., 2009; reviewed in Siebert et al., 2014) . The observed symptoms are unlikely to be the result of the Gaucher mutation alone, because mice homozygous to the L444P mutation did not exhibit any form of neuronal pathology, up to 12 months of age, despite having multisystem inflammatory pathology (Mizukami et al., 2002) . This is in contrast with the CNS inflammation observed in a different homozygous L444P line (Ginns et al., 2014) .
Of the described phenotypes, we found the increased gastrointestinal transit time most compelling because, in patients with Parkinson's disease, it precedes motor symptoms and thus represents the earliest stages of the disease. Likewise, the late manifestation, at 14 months but not at 7 months, of the augmented motor phenotype also recapitulates the typical late-onset of Parkinson's disease in humans.
The fact that we could detect elevated levels of SNCA in neuronal cultures form Gba + /L444P mice but not in total SNCA extracted from brain, suggests that extraneuronal protein clearance mechanisms (as reviewed by Deleidi and Maetzler, 2012 ) might be acting in vivo, to delay or mask SNCA accumulation. Such mechanisms might not be present in the neuronal culture model. For example, microglial cells, which are not supported in the neuronal culture used in this study, were shown to play a role in the clearance of extracellular SNCA in the brains of mice overexpressing SNCA (Bae et al., 2012) . A disruption of such mechanisms (either local or systemic), could trigger Parkinson's disease over time. This could explain the relative low, but persistent penetrance of Parkinson's disease in Gaucher carriers. Our results also support the possibility of direct protein-protein interaction between GBA and SNCA, as samples from Snca À/À brains exhibited a 35% increase in GBA activity without showing an elevation in the overall amount of the enzyme. This observation supports the in vitro observation by Yap et al. (2013) of the inhibitory effect of membrane-bound SNCA on GBA activity. Nevertheless, we could not detect differences in GBA enzyme activity between the samples taken from wild-type mice, and those taken from transgenic mice with slightly higher SNCA protein levels (Kuo et al., 2010) and confirmed in neuronal cultures (data not shown). This-in our view-may indicate a relatively low saturation level after which an increase in SNCA concentration will not affect GBA activity. Nevertheless, it is possible that specific brain regions are differently affected by higher levels of human SNCA, and that some of these areas would have presented GBA activity deficits had they been explored separately. It has been shown that patients with Parkinson's disease exhibit lower GBA activity in various brain areas, but not in the cortex (Gegg et al., 2012) . Given the predominance of cortical matter, it is possible that such differences were lost in the whole brain lysates used.
In conclusion, our data indicate that within the neuron, human SNCA is a highly stable protein. Its optimal degradation thus is essential for the prevention of its accumulation and aggregation. Perturbation of SNCA degradation by even a modest decrease in GBA enzymatic activity has demonstrable effects on the enteric nervous system and motor activity in vivo in transgenic mice. These findings point to the possibility that a moderate decrease in GBA activity may contribute to the onset of non-familial Parkinson's disease and supports the idea that the glucocerebroside degradation pathway in the lysosome should be explored as a potential target for prevention or treatment of Parkinson's disease.
